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Abstract
Data set including sea level, temperature, salinity, and current from Simple Ocean
Data Assimilation (SODA) is used in this study to estimate the mean net annually
and seasonally evaporation rates. Then wind data is used to examine its impact on
the evaporation. This work calculated the seasonal and annual evaporation rates
based on assumption of that there is no net mass transport (balanced). Hence, the
difference in the transport supposed to be equal to the water that has evaporated.
Therefore data of water in-flow and out-flow used to examine the net mass transport
with the obtained evaporation rate. Results revealed that the net annual mean evap-
oration was 1.24 m/yr and the net seasonal mean was 1.3 m/yr and the evaporation
rate in winter months was permanently higher than summer and autumn with min-
imum value in August. The annual wind impact is masked but, it is clearer for the
monthly, particularly in June and October. The monthly water exchange through
Bab al-Mandeb Strait accompanied the monthly evaporation in its fluctuations with
high rates of net-flow in winter and low rates in summer and exactly such as the
evaporation the minimum net transport found in August. Hence, we can assume that
the evaporation exerts a great influence in the Red Sea circulation.
October 2012 – Bergen, Norway,
Sahbaldeen Abdulaziz
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1Chapter 1
Introduction
1.1 Motivation
Evaporation is the major factor that determines water and salt balances of the Red
Sea. The Red Sea is in a highly arid region and this makes its loss of water due
to evaporation greater than its gain from precipitation and run-off. There are many
previous attempts at estimating the evaporation from the various parts of the. Red
SeaUsing observations collected over coastal and open waters, the reported values
were calculated by different methods.
The present work is another attempt to estimate the net mean annual and
seasonal rates of evaporation of the Red Sea. The data represents the time period
from January 1958 to December 2007.
1.2 Site Description
The Red Sea ( Al-Bahr Al-Ahmar in Arabic) is a semi-enclosed narrow sea that
extends from Suez in the north at 28◦N to the Bab el-Mandeb Strait in the south
at 12.5◦N, which connects the Red Sea with the Arabian Sea through the Gulf of
Aden. It separates the coasts of Saudi Arabia and Yemen to the east in the Arabian
Peninsula from those of Egypt, Sudan, and Eritrea to the west in Africa occupying an
area of approximately 450,000 km2. In north the sea splits into two narrow arms, Gulf
of Suez which connects the Red Sea with the Mediterranean Sea through the Suez
Canal, and Gulf of Aqaba [27]. Bab el-Mandeb shallowest section consists of Hanish
Sill1 near to Hanish Islands at about 150 km from the narrowest passage which located
1Data collection Area (see Chapter 3)
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near to Prim Island and the sill is characterized by a total width of 110 km and depth
of 137 m [41]. The Perim Narrows total width is only 18 km [19]. Figure 1.1 shows
the coastline and bathymetry of the Red Sea.
Figure 1.1: Coastline and bathymetry of the Red Sea. The arrows indicate prevalent
wind directions for winter (thick arrows) and summer (thin arrows) [36].
2
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Facts in numbers about the Red Sea, Bab el-Mandeb, Gulf of Suez and Gulf of
Aqaba are mentioned by Ali [3] as it shown in Table 1.1
Table 1.1: The Red Sea and its parts in numbers, table compiled by Ali [3].
Region The fact Fact in number Author
The Red Sea
Length 2000 km Patzert [23]
Average depth 524 km Patzert [23]
Average width 220 km Patzert [23]
Maximum depth 2190 m Morcos [18]
Gulf of Aqaba Length 175 km Cochran [9]Depression Depths 1100 – 1400 m Edwards [11]
Gulf of Suez Length 300 km Cochran [9]Range depth 55 – 73 m Morcos [18]
Bab el-Mandeb Average depth 300 m Maillard and Soliman [16]
Strait Narrowest width 18 km Murray and Johns [19]
Sill depth 137 m Werner and Lange [41]
1.3 Physical Features
The Red Sea separates two great blocks of Earth’s crust; North Africa and Arabia.
Land on either side reaches heights of more than 2000 m above sea level, and the
highest land is found in the south. The coastlines for a distance of about 350 km
from approximately 28◦N, where the Gulfs of Suez and Aqaba meet, south to latitude
25◦N are quite straight and parallel to each other. Then the coastlines become more
sinuous and the Red Sea gets its widest width between 16◦N and 17◦N [27]. Along
almost the entire length of the sea there are various mountain chains (The Red Sea
Mountain Chains); with some gaps on each side; and the major gap is the Tokar Gap
found at about 18◦N approximately 50 km from the Tokar delta on the Sudanese
coast, and it is almost 110 km wide. This gap impacts on the surface wind and
disturbs the along-sea winds with strong cross-sea wind [14].
1.4 The climate
The physical setting of the Red Sea area has a clear finger print on its climate. The
Red Sea lies within subtropical regions, and due to this geographical position its
3
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climate is typical desert and semi-desert which is extremely hot and arid in summer,
moreover the southern part of the Red Sea is considered as one of the hottest regions
in the world [38], [28].
1.4.1 Winds and Rainfall
The climate of the Red Sea results from two winds systems: the prevailing northwest
winds (NNW) and the Indian monsoon system. The former all year around blows from
the northwest. These winds dominate the northern part of the Red Sea particularly
the regions north of 19◦N [23]. These aforementioned prevailing northwest winds
(NNW) are affected by the eastern Mediterranean weather systems [25]. The Indian
monsoon winds control the southern part of the Red Sea south of 19◦N.The winds
reverse its direction from southeast (SSE) during October- May (winter); to northwest
(NNW) during June – September (summer)[23]. Figure 1.2 shows the wind regimes
in the Red Sea.
Water exchange between the Red Sea and the Indian Ocean is most influenced
by the winds, therefore, in winter there is a surface inflow into the Red Sea because
the winds blow from the southeast in the winter monsoon [35]. In summer the inflow
reverses and the water flows out of the Red Sea due to the summer northwest winds
[35]. Thus the wind is an important force that generates a circulation in the Red Sea
and it believed to control the flow [30].
Precipitation in any form at the Red Sea region is very little therefore the fresh
water input can be ignored [24]. The annual estimates of the precipitation ranging
from 0.05 m/yr to 0.15 m/yr [18].
This study deals with monthly mean data of winds at the Red Sea during the
time period January 1958 to December 2007, which has been analyzed and presented
in chapter 3
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Figure 1.2: Wind stress at the Red Sea during (a) January; (b) July, from[15]
* the map in Figure1.2 has been modified from the the source map to include
the Red Sea region just.
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1.4.2 Salinity and Temperature
The Red Sea is believed as one of the saltiest water bodies in the world, and that
is as a result of high evaporation 2 and precipitation in any form (rainfall, rivers,
actually no rivers are there) is low. Figure 1.3 illustrates the annual mean surface
temperature and salinity as it has been showed by Sofianos and Johns [32] study.
They found that the maximum temperature is at the center, and it decreases toward
the northern and the southern tip of the Red Sea. They explained the high center’s
temperature as a result to the very weak wind speed in the central area of the Red
Sea. The salinity pattern increases from the south toward north to get its maximum
in the northern end [32]. For the seasonal aspect of temperature and salinity they
found that the surface temperature is very warm during the summer with a little
temperature gradient toward the south as it showed in Figure 1.4b [32]. In summer
the average surface temperature of the northern part of The Red Sea is approximately
26◦C, whilst, it is 30◦C in the southern part [29]. The highest temperature during
winter is found at the eastern boundary particularly at the southern and central Red
Sea eastern boundary (Figure 1.4a), while it is lower during summer at the same
eastern boundary. This difference of temperature is related to the prevailing wind
which leads to coastal upwelling during the summer and coastal downwelling during
the winter along the eastern boundary in the southern part [32]. The temperature at
the northern and the southern parts varies by approximately 2◦C during the winter
from aforementioned values for the two parts during the summer and the overall water
temperature is averaged by 22◦C [29].
The effect of the summer coastal upwelling influences in the salinity distribution,
that Sofianos and Johns [32] observed fresh water over the eastern boundary. They
meant that the fresh water as a result of upwelling of the GAIW which enters the
Red sea during the summer [32]. The salinity increases from the south (36.0) toward
the north(>40.1); it is low in the south due to Gulf Aden recharges, and high in the
north due to high evaporation and Gulf of Suez water discharge [29]. The salinity
distribution is shown in (Figure 1.5 c and d).
2The main issue of this study
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Figure 1.3: The Red Sea annual mean (a) sea surface temperature (b) salinity from
MICOM simulation, from [32]
Figure 1.4: Distribution of the seasonal sea surface temperature at the Red Sea during:
(a) winter (November-March) and (b) summer (June-September) from [32].
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Figure 1.5: Distribution of the seasonal sea surface Salinty at the Red Sea during:(c)
Winter (November-March) and (d) summer (June-September) from [32].
1.5 Water Masses and Exchanges with Adjacent Seas
The mass exchange through Bab el-Mandeb has been studied by Smeed[31] The Red
Sea has only one connection to the global oceans which is the Bab el-Mandeb Strait,
despite the Red Sea connects with the Mediterranean Sea through Suez Canal, but this
Canal does not allow a significant flux between the two seas. The notable phenomenon
is the seasonal variability of the flow at the Bab el-Mandeb as a consequence of
monsoon climate there. From October to May (the winter season regime) there is an
exchange of two layers: the inflow of the fresh, Gulf of Aden warmer Surface Water
(GASW) entering the Red Sea in the surface layer and the Red Sea saltier and cooler
outflow water entering into the Gulf of Aden in the lower layer (Figure1.6a). In the
summer it is quite different. Hence, there is an exchange of three layers: the surface
inflow of the Gulf of Aden surface water (GASW) reversed to flow out of the Red
Sea in the surface layer, the outflow of the high-salinity Red Sea water is reduced but
still remains, and between these two outflow layers there is a new layer with inflow of
8
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cool and fresh Gulf of Aden Intermediate Water (GAIW), (Figure 1.6b). This is the
winter and summer exchanges as it discussed by [31].
Evaporation rate over the Red Sea exceeds precipitation by about 2 m/yr [18].
This leads to form very high salty waters 3 and it is believed that the formation of
this dense water due to the high evaporation has a great importance in the circulation
of the Red Sea [20]. The wind also, as mentioned before plays a main role in the
circulation and it governs the flow [30].
Figure 1.6: The two vertical circulations of water in the Bab el-Mandeb. (a) Winter
(b) Summer. SW=Surface Water, GAIW = Gulf of Aden Intermediate Water and
RSOW=Red Sea Outflow Water, from [31].
3Salinity exceeds 40
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1.6 Currents
The Red Sea surface circulation has been investigated by Sofiano and Johns (2003)
[32] using the Miami Isopycnic Coordinate Ocean Model (MICOM). They noted that
the main current characteristics in the south are a mesoscale gyre which reverses
its rotation from a cyclonic rotation during the summer to an anticyclonic rotation
during the winter. In the peak of the winter it achieves greater than 0.5 m/s of current
velocities. They also noted that during the winter there is a strong inflow in the Strait
of Bab el-Mandeb and after the flow entered the basin it makes an intensive northward
western boundary current. The velocity of this boundary current is greater than 20
cm/s and its velocity depend upon the inflow intensity. This western boundary current
flows about 400 km into the Red Sea(till abou 16◦N); then it leaves the coast and
crosses to the eastern side and continues as an intensive boundary current along the
eastern coast of the Red Sea (Figure 1.7). This northward western boundary current
is not observed during the summer in the southern part of the Red Sea (Figure 1.8)
[32].
As a result of high evaporation in the north of the Red Sea the salinity increases
and the surface water temperature decreases. These two processes contribute to in-
crease the density, thereby; the surface water sinks to the lower and deep layers [23].
Hence, a northward sea surface tilt is formed as a consequence of this mechanism.
Therefore, the upper layer flows northward against the wind [23]. In winter the cur-
rents are directed to the north in the southern region due to the south-easterly winds.
The surface current is directed to the south in summer flowing out of the Strait of
Bab al- Mandeb due to the north-westerly winds which dominate the entire Red Sea,
and due to the lower sea level in the Gulf of Aden [23].
10
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Figure 1.7: Mean surface circulation in the winter, from MICOM simulation [32].
11
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Figure 1.8: Mean surface circulation in the summer, from MICOM simulation [32].
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Introduction to Evaporation
Evaporation Evaporation is defined as the process by which the liquid form of wa-ter is converted to water vapor (vaporization) and removed from the evaporating
surface (vapor removal) to the atmosphere. The water evaporates from a variety of
surfaces, such as lakes, rivers, land surface and oceans, and the last one is considered
as the source which delivers 80% of the water that is delivered by the precipitation
[17].
In this chapter we attempt to give a brief definition of the process of evaporation
and mention factors that affect upon it. Also we mention some previous studies and
estimations of the evaporation rates at the Red Sea.
2.1 The Sea Water Evaporation
The sea water evaporation is an important aspect of sea-air interaction. Investigation
of the observed variation of evaporation requires examining the weather’s forcing
parameters that affect upon the evaporation rate such as: air temperature, wind
speed and humidity. When water temperature increases, and the wind makes the
air humidity drop, then the evaporation rate reaches high values [17]. Figure 2.1
illustrates the three weather parameters that affect on the evaporation rate.
2.1.1 Evaporation and Temperature
Evaporation occurs at all the time, and at any temperature. At the water’s sur-
face; water molecules are always moving, when the water temperature increases the
molecules of the water gain more energy to move faster, and this rapid movement
make the water molecules able to escape to the atmosphere. Hence, any increase in
13
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the water temperature leads directly to increase the evaporation of that water [40].
The Red Sea Region is one of the hottest in the whole world thus, it is expected
that the temperature significantly impacts on the evaporation of the area.
Figure 2.1: Parameters that affect on the sea evaporation rate, from [17].
2.1.2 Evaporation and Winds
The wind has two important characteristics: speed and direction. It is known that
when we assume the other meteorological factors that effect on the evaporation rate
as constant then, any change in the wind speed affects and causes the change in evap-
oration rate [12]. The wind removes the water vapour above the water’s surface the
reason which gives space for more water’s molecules to escape into the atmosphere
thus, the wind rises the rate of the evaporation and we can say there is a positive rela-
tionship between them, thus, the stronger the wind, the higher rate of the evaporation
[40].
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2.1.3 Evaporation and Humidity
The amount of water vapor in the air refers to air humidity, and it should be lower
than the humidity of the evaporating sea surface for evaporation to occur. Turbulent
air movement associated to surface roughness and wind speed gives much facility for
the evaporation process that the wind carries water vapor away from the evaporating
surface and thus it helps to conserve a vertical air-sea humidity gradient [44]. Thus we
can say there is a negative relationship between the air humidity and the evaporation
rate, the higher humidity, the lower the rate of evaporation and vice versa.
2.2 Evaporation and the Sea Level
The Red Sea is very sensitive to the sea level change because it has only one entrance
to the world oceans (Bab al-Mandeb). Its level is mostly influenced by the wind stress
effect and the joint effect of evaporation and the exchange of the water through the
Strait of Bab el-Mandeb [34]. In spite of that the evaporation of the Red Sea is high in
winter [26]; almost all previous investigations which were concerned with the seasonal
changes in the Red Sea level consensually led to the reality that sea level is high in
winter and low in summer Edwards 1987 [11], Morcos 1970 [18], Osman 1985 [22] and
Sultan 1995 [34].
2.3 Previous Studies
There are no rivers discharging into the basin and the runoff is negligible as it men-
tioned before the precipitation is small. The evaporation rate of the Red Sea water is
believed to be the highest rate in the whole world ocean, but there are considerable
differences in annual mean value as well as seasonal cycle among the available esti-
mates. Vercelli [39] is the first person who attempted to determine the evaporation.
He used pan measurements aboard a ship and on the coast. He estimated a value of
3.5 m yr−1 and that was quite high and a doubtful value [33]. and that was quite
high and a doubtful value. Then, several investigators followed Vercelli attempt to
estimate the evaporation rate for the Red Sea water. All later estimations are showed
by Sofianos et al. (2002) are given in Table 2.1 from [33].
15
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Table 2.1: Available evaporation rate estimates for the Red Sea, from [33].
Author Date Evaporation estimated value m/yr
Vercelli [39] 1925 3.5
Yegorov [43] 1950 2.3
Neumann [21] 1952 2.15
Wüst [42] 1954 1.925
Privett [26] 1959 1.83
Bogdanova [4] 1974 2.66
Morcos [18] 1970 2.1
Hastenrath and Lamb [13] 1979 1.54
Bunker et al. [5] 1982 2.3
Ahmad and Sultan [1] 1987 2.07
Ahmed and Sultan [2] 1989 2.13
Osman [22] 1985 2.04
da Silva et al. [10] 1994 1.5
Tragou et al. [37] 1999 1.75
16
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Data and Methods
3.1 Data collection region
The data of this study has been collected for the vertical section at the Hanish Sill
13.25◦N. As it mentioned in chapter one (Introduction); the Red Sea connected with
the Gulf of Aden through Bab el-Mandeb Strait. At 150km to the north of the
narrowest passage (Perim Narrows) Hanish Sill which is the shallowest section of Bab
el-Mandeb Strait is located with following characteristics:
Table 3.1: Hanish Sill characteristics.
Fact Fact in Number Author
The deepest depth at the Sill 137 m [41]
The total width of the Sill section 110 km [41]
The total width at Perim Narrows 18 km [19]
3.2 The Simple Ocean Data Assimilation Dataset
(SODA)
The SODA data are model forecast produced by an ocean general circulation model.
In SODA the direct observationsis is used to correct the model errors in order to
improve the reanalysis of ocean variables [6].
Depending on the experiment setup, there are numerous versions of SODA [7].
Version 2.0.4, which used in this study, replaced SODA 2.0.3 and spans from January
1958 to December 2007.
17
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From the SODA dataset we have selected the northward current component,
salinity, temperature, and sea level from the Hanish sill (13.25◦N) covering the whole
time period January 1958 – December 2007. In addition we used the windstress for the
whole Red Sea. The data were used in order to estimate the variability of evaporation
of the Red Sea during the 50 years period. We hence dealt with six hundred monthly
mean values of current velocity, temperature, and salinity at five longitudes and eleven
layers (see Figure 3.1) covering the fifty year period.
Figure 3.1: Cross section for Hanish Sill (13.25◦N).
3.2.1 The Reanalysis System
The SODA reanalysis project is a multi-institutional shared project. Since it began
in the mid-1990s at the University of Maryland; it keeps giving a continuous effort to
improve the oceanic reanalysis. The average horizontal resolution is 0.25◦ × 0.4◦ of
longitude and latitude, and 40 vertical levels. The forecasts are continuously corrected
by observations [6]
This kind of model plus observational data are called reanalysis; So SODA
reanalysis data is a combination of model result and observation. Observations are
irregularly spread over the world ocean, and also with gaps in time. When combined
with model forecast we get a regular grid of data with no gaps in time.
18
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3.3 The Method
The Evaporation rate derived from the salt flux at Hanish sill is based on the equations
descibed in following Sections
3.3.1 Salt budget
We assume there is no net transport of salt, that is:∫∫
ρ(x, z)S(x, z)V (x, z)dxdz = 0. (3.1)
The double integration is approximated by the double sum,
∆x
5∑
i=1
11∑
j=1
ρ(i, j)S(i, j)V (i, j)∆z(i, j) = 0, (3.2)
Where the width of each cell is ∆x = constant and:
ρ ≡the density
S ≡the salinity
V ≡the velocity
∆z ≡the layer thickness, eleven thicknesses that increase with depth. The upper
ten have the standard values: 10 m, 10 m, 10 m, 11 m, 11 m, 12 m, 12 m, 13
m, 15 m and 16 m, which span a depth of 120 m.
The SODA data do not have information on the actual thickness of the bottom
cell therefore we used a minimization method to find the five cells thicknesses at the
Hanish sill. The method was to calculate the net salt flux through the vertical section,
which should be equal to zero, and choose that combination of the five thicknesses
which gave the least net salt flux. This was: 12 m, 14 m, 13 m, 16 m, 9 m.
3.3.2 Mass budget
We assume there is no net transport of water, that is:
P +R− E +
∫∫
ρ(x, z)V (x, z)dxdz = 0, (3.3)
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where:
P ≡Precipitation
R ≡River input
E ≡Evaporation
Equation 3.3 can be approximated by the double sum,
P +R− E + ∆x
5∑
i=1
11∑
j=1
ρ(i, j)V (i, j)∆z(i, j) = 0. (3.4)
From Equation (3.4) we could immediately estimate E − P (assuming R = 0 for the
Red Sea), but it is better to calculate the evaporation rate from the salt flux because
if it is calculated from the formula E − P = ∑ ρV∆x∆z the result will be very
inaccurate, because the difference of two large numbers gives high inaccuracy. Then
we can calculate the mean cross section salinity from:
S =
∫∫
S(x, z)dxdz∫∫
dxdz
, (3.5)
This can be approximated by:
S =
5∑
i=1
11∑
j=1
S(i, j)∆z(i, j)
5∑
i=1
11∑
j=1
∆z(i, j)
. (3.6)
The deviation of salinity is:
S ′ = S(x, z)− S. (3.7)
From (3.1) and (3.7), we have∫∫
ρ
(
S ′ + S
)
V (x, z)dxdz = 0,
S
∫∫
ρV dxdz +
∫∫
ρS ′V dxdz = 0, (3.8)
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From (3.3) ∫∫
ρV dxdz = −(P − E +R)
Insert in (3.8)
S [− (P +R− E)] +
∫∫
ρS ′V dxdz = 0,
(P +R− E) =
∫∫
ρS ′V dxdz
S
. (3.9)
We assume that R = 0, then the evaporation is:
E = P −
∫∫
ρS ′V dxdz
S
. (3.10)
The unit in equation (3.10) is [kg /s], which can be transferred to meter per year as
Emyr =
E × SPD ×DPY
ρf × A , (3.11)
Where ρf is the fresh water density, and A is the Red Sea area, SPD is seconds per
day and DPY is days per year.
Equation (3.10) can be approximated as:
E = P − ∆x
S
5∑
i=1
11∑
j=1
ρ(i, j)S ′(i, j)V (i, j)∆z(i, j). (3.12)
3.4 Leakage Term
The previous equations neglected the reality of that the sea level is changing (particu-
larly from season to season); so the mass flux may considered as conserved while it is
not like so. For example there may be a positive netflow (inflow > outflow) and this
netflow may lead to rise the sea level so it will be consumed and Vice versa. Hence,
it will appear as the mass flux is conserved and there is no net transport when, there
is some flux is consumed and disappeared. Thus, to get more accurate estimate for
the evaporation based on our assumption of there is no net flow we should add the
leakage term.
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From Equation (3.7) the salt budget including leakage term becomes∫∫
ρ
(
S ′ + S
)
V (x, z)dxdz = SiAρs
∆η
∆t . (3.13)
Where:
Si ≡ Salinity of leakage.
ρs ≡Density of leakage.
∆η
∆t ≡Rate of sea level change of the Red Sea.
t ≡1 month.
A ≡Red Sea Area.
The salt leakage term, T si in Equation (3.13):
S
∫∫
ρV dxdz +
∫∫
ρS ′V dxdz = T Si . (3.14)
Similarity the mass budget equation with leakage becomes:∫∫
ρV dxdz = −(P +R− E) + TMi . (3.15)
Where:
TMi ≡Mass Leakage.
Next we assume that: Salt Leakage=Salinity of Leakage water×Mass Leakage.
T Si = SiTMi . (3.16)
Insert (3.15) in (3.14)
S [−(P +R− E)] + STMi +
∫∫
S ′ρV dxdz = T Si .
Then:
(P +R− E) = 1
S
∫∫
ρS ′V dxdz + TMi +
SiT
M
i
S
,
(P +R− E) = 1
S
∫∫
ρS ′V dxdz + T
M
i
S
(
S − Si
)
︸ ︷︷ ︸
Leakage Term
. (3.17)
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The surface height of Hanish Sill is known and it added for the fives surface layers.
So here we assumed the leakage is in the bottom layer.
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Results and Discussion
4.1 Time Series of the Evaporation
Figure 4.1 presents time series of the net annual mean evaporation for the Red Sea for
time period January 1958 to December 2007. The highest obtained value is 1.88 m/yr
during 1972, and the lowest value is 0.8 m/yr during 1974 and the mean annual net
evaporation from the Red Sea is 1.24 m/yr. This value is a little bit larger than 1.1
m/yr, the net annual evaporation value (evaporation minus precipitation) estimated
by [8]. After adding the estimated annual precipitation of 0.15m/yr we get a mean
annual evaporation rate of 1.39 m/yr. This value is a bit less than 1.8 m/yr the
value which has been estimated by [26]. Different previously estimated values of the
evaporation from the Red Sea have been listed in Table 2.1. From the figure it is clear
that the evaporation rate decreased in the recent years from 2001to 2007 and there
were no notable fluctuations and variations from year to year through that period.
The value estimated in this study is about 0.5 m/yr less than most other estimates.
The the coarse resolution of the SODA model grid at Hanish sill may influence in the
result. Another reason may be the rather weak windstresses used by SODA.
Figure 4.2 presents the mean seasonal (monthly) net evaporation for the Red
Sea. The highest seasonal evaporation is in April (late winter) with 1.98 m/yr, and
the lowest is in August with approximately 0.2 m/yr and the mean seasonal net
evaporation is 1.30 m/yr. This result is in accordance with [37] who illustrated (in
their Figure 8a) the latent heat loss of the Red Sea during the year. It showed that
the latent heat loss is least during summer. This means evaporation is least during
summer.
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Figure 4.1: The mean annual net evaporation in the Red Sea.
Figure 4.2: Monthly net evaporation in the Red Sea.
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Figure 4.3 presents the seasonal mean net evaporation (blue curve) and the
seasonal mean net evaporation after added the leakage term (red curve)The noticeable
thing is that there is no great difference between the two curves therefore the leakage
term can be neglected in this study.
Figure 4.3: The seasonal mean net evaporation with leakage term and without leakage
term
The net mean value of the evaporation with co-variances included is 1.31 m/yr.
The difference between the red and the blue curve in Figure 4.4 presents the covari-
ance of the anomalies from the annual mean of density, salinity, and current when
calculating the net evaporation. The two curves show quite large differences for some
years, for instance 1962, 1963, 1965 and 1969, which are the years of the largest
differences. The figure also reveals that the covariance has usually small positive
effect on the evaporation, but in some else years it is clear that the red curve is below
the blue one thus, it has a negative effect for those years. Note also that the blue
curve is the same as the curve shown in 4.1.
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Figure 4.4: The annual mean variation of net evaporation. The blue curve is the
annual mean of the component’s product psv, while the red curve is the product of
the annual mean of the components p¯s¯v¯.
Figure 4.5 presents the seasonal mean variation of the evaporation, and as in
Figure 4.4 the curves show the mean of the component’s product (blue curve), and
the product of the component’s means (red curve). It is clear that the co-variations
are small, in contrast to the annual values shown in Figure 4.4. A closer look at the
figure reveals that the co-variance has a positive effect on the evaporation in August,
September and October, while it does not have that effect during other months. It
has a small negative effect in February. This means that anomalies of for example
June currents and salinities are not related, and hence do not contribute to the June
mean evaporation, this means that the anomalies from the seasonal mean are not
much correlated. The blue curve here is the same as the curve in Figure 4.2.
From Figures 4.2 and 4.5 it is clear that the effect of the co-variances is rather
small for the seasonal variation that it just increased from 1.30 to 1.31 m/yr. For the
interannual variation it is larger, there the mean value increased from 1.24 to 1.31
m/yr.
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Figure 4.5: Seasonal Mean Variation of net evaporation. The blue curve is the monthly
mean of the component’s product psv, while the red curve is the product of the
monthly mean of the components p¯s¯v¯.
The net evaporation estimates for each of the six hundred months from January
1958 to December 2007 (the blue∗) are shown in Figure 4.6 together with the mean
seasonal net evaporation (the red curve) plus and minus the standard deviation (the
green curves). The minimum variance is in September, and the maximum one is in
May month. The figure also reveals some negative values of the net evaporation in
some summer months, and the largest negative value is close to -0.5 m/yr in July. It
could be explained as the rate of the precipitation was higher than the rate of the
evaporation during those months. Further reasons may be that the evaporation is
hindered due to the high humidity and high static stability of the atmospheric surface
layer during summer. But these obtained negative values may also be model artifacts.
29
Section 4.2. Time Series of the Wind
Figure 4.6: The seasonal net evaporation plus and minus the standard deviation. The
blue asterisks denote the estimates for each single month.
4.2 Time Series of the Wind
Figures 4.7 and 4.8 present the seasonal mean eastward and northward wind stress at
Hanish Sill respectively. The eastward wind stress changes its direction from being
westward during October to May (winter), to being directed eastward during June to
September. For the northward wind stress component it is interesting to note that
it is positive at the sill throughout the whole year. The most notable thing is how
weak the winds are there; a wind stress of 0.01Pa corresponds to a wind speed about
3 m s−1.
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Figure 4.7: Seasonal mean eastward wind stress at Hanish Sill.
Figure 4.8: Seasonal mean northward wind stress at Hanish Sill.
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The annual mean wind stress magnitude along the whole Red Sea during the
period 1958 to 2007 is shown in Figure 4.9, the maximum value is in 2006 and the
minimum is in 1965. There is not a clear relationship between the annual wind and
the net annual evaporation rate. Their fluctuations are consistent for some years and
inconsistent for other years. Also they are inconsistent in their magnitudes through
the years even if they have fluctuated consistently. For instance the recent years 2003
– 2007 recorded a notable increase in wind magnitude whilst, Figure 4.1 showed a
noticeable decrease in the net annual evaporation rate in the recent years, the year
1965 recorded the minimum magnitude of the wind while, the evaporation decreased
in the same year, but it wasn’t the minimum year recorded rate of the evaporation
during the period of this study.
Figure 4.9: The Annual Mean Wind Stress Magnitude along the whole Red Sea.
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Figure 4.10 shows the monthly mean wind stress magnitude averaged along the
whole of the Red Sea. The wind increases from October and it gets its maximum
value in February, then, it decreases in March, April and May before it increases
a little again in June because of the summer monsoon. It is obvious from Figure
4.10 that the strong wind magnitudes were recorded during winter. There were some
fluctuations during summer and autumn. The striking and most notable thing is
the great difference between the winds magnitudes in February compared to May
although evaporation is about the same! A careful examination of Figure 4.10 shows
that the wind is feeble in April and May, despite the result of Figure 4.2 reveals a
strong evaporation rates in the same months.
Figure 4.10: The Seasonal mean wind stress magnitude along the Red Sea.
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4.3 The Flow Through Hanish Sill
The seasonal inflow and outflow in the Red Sea are displayed in Figure 4.11. The inflow
(the blue curve)begins to increase from October and reaches its maximum volume in
November and December (almost the same volume transports). It decreases a bit in
February then, returns to increase again in March before it fluctuates and decreases a
bit again in April. It clearly begins to decrease in May till it reaches its minimum value
in August and September (almost equal values). The outflow (the red curve) behaves
similarly. It increases from September to reach its maximum value in November
and December then, there is a bit decrease in February before it increases again in
March. The notable decrease begins in May and continues decreasing till it reaches
its minimum volume transport in September. In other words Figure 4.11 reveals that
the water flowing into the Red Sea from Gulf of Aden is greater during winter months
(SE monsoon); than during autumn (NW monsoon); and this phenomenon has been
explained by [21] and [26] as “because of the water loss caused by an increase in the
rate of evaporation in the Red Sea” and could be consistent with our result that we
found high evaporation rates during winter months. The figure also shows that the
great difference between the Inflow and the Outflow found in the winter and the late
winter months which are the same months when the high rate of the evaporation
occurs (Figure 4.2). And also there are small differences between the Inflow and
the Outflow in the summer months as the evaporation rate is small during the same
season (Figure 4.2). There is approximately totally balanced flow in august (Inflow
equal to Outflow); as the minimum rate of the evaporation is in August also (Figure
4.2). Hence, the aforementioned points are consistent with our assumption of that
the difference between the Inflow and the Outflow assumed as the evaporated water.
The most marked thing when we make a comparison of Figure 4.11 to Figure
4.2 is the large evaporation in June compared to October in Figure 4.2 despite Figure
4.11 reveals that the water transport about the same in the two months!. If we take
Figure 4.9 (mean seasonal wind magnitude) into account, the wind effect could give
us an explanation for the question revealed from the previous comparison that the
wind was relatively strong in June compared to October.
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Figure 4.11: Seasonal Mean In and Outflow.
Figure 4.12 presents the relationship between the seasonal net evaporation and
the seasonal Red Sea outflow (RSOW here is the deep water outflow); it shows a
weak deep water outflow in summer months and this result is consistent with [31]
and [23] who found a weak deep water outflow during the summer as a result of high
winter evaporation in the north that raises the salinity and the density of the water
there then, it sinks down and flows southward and forms outflow water in summer.
The figure reveals also strong positive relation between the evaporation and the water
outflow and that is expected according to the previous figures (Figures 4.2 and 4.11)
which showed that the evaporation and water transport behaved in the same manner
through the year. It is clear there should be a positive relationship between the
evaporation and the inflow too.
There is a secondary minimum in RSOW in February which is also revealed by
the evaporation. The wind stress has no such secondary minimum whether at Hanish
Sill or averaged over the whole Red Sea. Actually the Red Sea average wind stress
is at its maximum in February (Figure 4.10). This secondary minimum in RSOW is
therefore clearly corresponding to the evaporation. This finding is also interesting in
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the way that the February minimum marks a shift during the winter season. It hints
at that there is a three-season division in the Red Sea: Summer-Early, Winter-Late
and Winter.
Figure 4.12: The relationship between net evaporation and outflow from the Red Sea.
Figure 4.13 is the same as Figure 4.12; but here it presents the relation between
the seasonal mean evaporation and the seasonal water netflow (Inflow – Outflow). It
is clear that there is a positive relation between the seasonal mean evaporation and
the seasonal netflow as we calculated the evaporation rate based on this assumption
of that the evaporated water is the seasonal differences between the inflow and the
outflow as it aforementioned in Figure 4.11. The figure reveals high evaporation and
high netflow during winter and low during summer with minimum value in August
for both.
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Figure 4.13: The Relationship between the Seasonal evaporation and the Seasonal
Netflow (Netflow=Inflow-Outflow).
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Conclusion and Recommendations
5.1 Conclusion
The present study investigated the annual and seasona (monthly) mean net evapo-
ration rate in the Red Sea during the period Jan 1958 – Dec 2007. The calculated
net evaporation (E-P) is based on conservation of mass and salt of the Red Sea north
of the Hanish sill (13.25◦N) and by calculation of the fluxes of mass and salt across
the sill. The results exhibit high variations of the annually and monthly mean net
evaporation rate in the Red Sea.
The results reveal many interpretations consistent to some extent with previous
estimations. For instance the results of monthly evaporation rates in the Red Sea as
illustrated in Figure 4.2, it is clear that the greatest monthly evaporation rates are
during winter months. This result is similar to and confirms Privett’s [26] results,
who also found that the evaporation is high duringwinter.
In their, Figure 8a, Tragou et al. [37] presented higher latent heat flux during
winter than during summer (latent heat flux is proportional to the evaporation). Their
results showed less seasonal variation than which is estimated in this study, as their
summer values are more than half of the winter values, while the estimated summer
values of this study are just about 20% of the winter values (after adding the estimated
annual value of precipitation 0.15 myr−1).
The annual mean net evaporation in this study estimated by 1.24 m yr−1, is
less; but can be considered as a comparable value to 1.54 myr−1 as estimated by
Hastenrath and Lamb [13], 1.5 m yr−1 as estimated by da Silva et al. [10], and it is
more than the value 1.1 m yr−1 Clifford et al. [8].
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Throughout all the period, due to the evaporation, the inflow water enters into
the Red Sea from Gulf of Aden showed wintertime maximums and summertime mini-
mums. The seasonal transport through the sill was almost totally systematic with the
seasonal evaporation oscillation therefore, we can suggest that evaporation exerts a
great influence on the circulation of the Red Sea. There was a balance in the transport
except in the winter when the large excess of the inflow over the outflow in the same
months of the high evaporation rate which give a strong support to this work basic
assumption that we calculated the rate of the evaporation based on assuming that the
differences between the inflow and the outflow supposed to be the evaporated water.
There was a northward wind throughout the whole year at Hanish Sill. The
summer prevailing winds at Hanish sill are claimed to be NNW although the SODA
data rather show that they are WSW. As the evaporation, the monthly wind stress
was strong during the winter months. The annual wind impact is masked, but it is
clearer for the monthly, particularly in June and October when the water transport
during these two months was about the same, but there was strong evaporation in
June compared to the evaporation in October which can be explained as because of
the wind stress was greater in June than October. Hence, the wind effect seems to be
considerable in the aspect of seasonal instead of annual aspect. we can suggest that
evaporation exerts a greater influence than the wind pattern on the circulation of the
Red Sea.
Leakage term revealed small values, and it had a little effect on the calculated
evaporation rates.
The advantage and the usefulness of the SODA model data is that it covers a
long time period, and are regular in both time and space. They may therfore be used
for budget calculations and studies of variations in the evaporation over sea areas like
done here.
5.2 Recommendations
There are different relationships between the weather’s and ocean’s elements in aspects
of air-sea interaction. All these factors affect each upon the others in a combined way.
This makes it better to study all these factors once we try to estimate the behavior
of a particular factor of them during a particular period.
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In this study it would be better if we could obtain data of humidity, sea surface
temperature (SST) and atmospheric pressure because these factors impact directly
or indirectly in the evaporation rate. Also static stability of the atmospheric surface
layer is an important parameter. Studying the behavior of these factors during the
study period would reveal how they affected on the evaporation rates.
One of the weaknesses in our approach is the uncertainty of the model
bathymetry of the SODA data so that we have been forced to calculate the bottom
depth of Hanish sill. This also effects the calculation of the leakage terms in the
mass and the salt balances. Hence, it would be good if the SODA data would include
information on the sickness of the bottom cells.
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